background: In a previous study on severely infertile men, we observed alterations in the number of meiotic crossovers; however, it is unknown if these men also show alterations in the position of crossovers.
Introduction
Meiotic crossovers play an essential role in the generation of genetic diversity, as well as ensuring the proper segregation of homologous chromosomes during the first meiotic division. Early cytogenetic analyses of chiasmata in spermatocytes of infertile men suggested that some of these men display abnormalities in meiotic recombination (Hulten et al., 1970; Micic et al., 1982) . These observations have been further supported by recent developments in immunocytogenetic techniques, in which immunostaining for MLH1 is used to characterize recombination patterns. Several studies using these techniques have found that a significant proportion of men with impaired spermatogenesis also display abnormalities in the number of crossovers (Gonsalves et al., 2004; Ma et al., 2006a; Ferguson et al., 2007; Sun et al., 2007) , whereas others have found no abnormalities in the number of crossovers in their infertile populations (Codina-Pascual et al., 2005; Topping et al., 2006) . In a previous study, we observed an inverse correlation between the frequency of sex chromosome recombination and XY disomy in the sperm from both fertile and infertile men (Ferguson et al., 2007) . Thus, it has been suggested that abnormalities in meiotic recombination may explain the frequently reported increase in the incidence of aneuploid sperm in severely infertile men (Ferguson et al., 2007; Kirkpatrick et al., 2008) .
Chiasma and MLH1 analyses of crossovers have shown that cases with reduced crossover frequency invariably display changes in crossover positions (Hulten et al., 1970; Micic et al., 1982; Codina-Pascual et al., 2006) . However, altered crossover distribution has not been widely observed in infertile men who show normal rates of recombination. Laurie and Hulten (1985) observed altered crossover distribution in a single infertile man who showed normal rates of recombination. Despite normal frequencies of recombination, this infertile man displayed a higher proportion of crossovers that were further from the telomeres, as well as an alteration in the interchiasma distances (Laurie and Hulten, 1985) . Abnormalities in both the number and position of crossovers in azoospermic men may contribute to spermatogenic arrest and infertility, as well as an increased risk of aneuploidy in the sperm. Several recent studies have combined immunostaining and fluorescent in situ hybridization (FISH) to study the distribution of crossovers on specific chromosomes in normal males (Lynn et al., 2002; Tease and Hulten, 2004; Codina-Pascual et al., 2006; Sun et al., 2006) ; however, this combination of techniques has not been used to examine the distribution of recombination in infertile men. In this study, we used immunofluorescent and FISH techniques to study the distribution of meiotic crossovers on chromosomes 13, 18 and 21 in spermatocytes from 5 normal fertile men, as well as 10 infertile men. To the best of our knowledge, this is the first immunofluorescent analysis of crossover distributions in an infertile population.
Materials and Methods

Patient and tissue collection
Testicular tissue was obtained from 15 men: 10 infertile men seeking fertility treatment and 5 men who had previously fathered a child and were undergoing a vasectomy reversal at the time of tissue retrieval. All men had normal 46,XY karyotypes, no microdeletions on the Y chromosome and no cystic fibrosis transmembrane conductance regulator (CFTR) mutations. One infertile man had severe oligoasthenoteratozoospermia (OAT), whereas the others were azoospermic. Patients were classified as obstructive azoospermic (OA) if spermatogenesis was diagnosed as normal and non-obstructive azoospermic (NOA) if spermatogenesis was impaired, based on a testicular pathology diagnosis. Recombination rates and sperm aneuploidy for all cases except NOA18 and C11 were previously reported in Ferguson et al. (2007) . Ethical approval was obtained from the University of British Columbia Ethics Committee before initiating this study.
Meiotic analyses
Testicular tissue was processed according to the methods reported by Barlow and Hulten (1998) . Spermatocytes were immunostained with antibodies against SYCP3/SYCP1, MLH1 and CREST antisera (Fig. 1A) , Figure 1 Immunoflourescent and FISH analysis of pachytene spermatocytes. (A) Spermatocytes were immunolabeled to visualize the SC (red), MLH1 foci (green) and centromeres (blue). A spermatocyte from patient NOA 13 is presented showing 38 MLH1 foci. Patient NOA13 displayed a reduced number of crossovers, although we did not observe an altered distribution of crossovers in spermatocytes from this patient. (B) Following analysis of the immunostained spermatocyte, FISH analysis was performed to identify chromosomes 13 (green, LSI 13), 18 (blue, CEP 18) and 21 (red, LSI 21). (C) A spermatocyte from patient NOA18 is shown displaying 50 MLH1 foci. Patient NOA18 displayed normal rates of recombination, although the distribution of crossovers on chromosome 18 was altered. An increase in MLH1 foci at the relative distance from the centromere of 10 -20% of the 18q-arm was observed in this patient, as indicated by the arrow in the representative spermatocyte.
according to the methods reported in Ma et al. (2006b) . Immunostained spermatocytes were observed using a Zeiss Axioplan epifluorescent microscope equipped with appropriate filters. Images of the SYCP3/SYCP1 fragments, MLH1 and CREST sites were captured using Cytovision V2.81 Image Analysis software (Applied Imaging International, San Jose, CA, USA). Pachytene cells were captured if MLH1 foci were clear and the sex chromosomes were identifiable. Cell co-ordinates were recorded and prints were analyzed for the numbers of MLH1 and abnormalities in the synaptonemal complex (SC). After capturing images of the SC and MLH1 foci, a probe mixture of CEP 18 (aqua)/LSI 13 (green)/LSI 21 (red) (Vysis Inc., Downers Grove, IL, USA) was hybridized onto the same spermatocytes to identify chromosomes 13, 18 and 21 (Fig. 1B) , as previously described (Ma et al., 2006a, b) . The distribution of MLH1 foci and SC lengths were measured using the image analysis software Micromeasure V3.3, available at: http://www.biology.colostate.edu/MicroMeasure/ (Reeves, 2001) . The SC arms of chromosomes 13, 18 and 21 were divided into 10% intervals, with the centromere at 0% and the telomeres at 100%. The frequency of MLH1 foci in each interval was calculated. For chromosomes 13 and 18, MLH1 distributions were analyzed separately for bivalents with single and double crossovers. Inter-focal distances were calculated by measuring the absolute distance between adjacent MLH1 foci in chromosome 13 and 18 bivalents with double crossovers. Absolute inter-focal distances were then divided by the total length of the SC for that particular chromosome and expressed as a percentage.
Statistical analysis
A x 2 test with two degrees of freedom was used to compare the frequency of recombination on chromosome 13 and 18 bivalents, and a x 2 test with one degree of freedom was used to compare crossover frequencies on chromosome 21 bivalents between individual infertile men and the pooled control group. The Mann-Whitney test was used to compare mean global recombination rates and inter-focal distances between infertile men and individual control men. To analyze the distribution of MLH1 foci, each SC arm was divided into 10% intervals, and the frequency of MLH1 foci in each interval was calculated. Chromosome 13 and 18 bivalents with single and double crossover configurations were analyzed separately. A x 2 test with 45 degrees of freedom was used to compare the distribution of MLH1 foci in the five control men for all chromosome arms studied (13q, 18p, 18q and 21q). No differences in MLH1 distribution were observed between the control men for any of the chromosome arms studied. The control men were pooled and a x 2 test with nine degrees of freedom was used to compare the distribution of MLH1 foci on specific chromosome arms between individual infertile men and the control group. The Fisher test was used to compare MLH1 frequencies in each 10% SC interval between each infertile man and the control group. All statistical analyses were performed using the GraphPad Prism V5.0 program (GraphPad Software, San Diego, CA, USA). P , 0.05 was considered significant.
Results
Spermatocytes from 5 normal control men and 10 infertile men were analyzed with immunofluorescent and FISH techniques to study crossover distributions on chromosomes 13, 18 and 21 ( Fig. 1 ). Of the 10 infertile men, four were diagnosed with normal spermatogenesis and were classified as OA. The other six azoospermic men were diagnosed with either hypospermatogenesis (a reduced number of germ cells showing normal maturation) or maturation arrest (germ cells present up to a certain stage) and were classified as NOA. In total, 327 spermatocytes were analyzed from the control men and 679 spermatocytes from the two infertile groups.
MLH1 frequencies
Recombination frequencies, synaptic defects and rates of testicular sperm aneuploidy of the infertile population reported on in this study were reported in a previous study (Ferguson et al., 2007) for all patients except for NOA18 and C11. Of the 10 infertile men in this study, 5 men had displayed reduced genome-wide recombination (Table I) . Of these five infertile men, four had impaired spermatogenesis (OAT1, NOA10, NOA13 and NOA16), while one was diagnosed with normal spermatogenesis (OA14). Four of the NOA men displayed altered recombination frequencies on chromosome 13 (OAT1, NOA10, NOA13 and NOA16), three men displayed altered recombination frequencies on chromosome 18 (OAT1, NOA10 and NOA13) and four men displayed altered recombination frequencies on chromosome 21 (OAT1, NOA10, NOA13 and NOA15) ( Table II) . found to considerably influence the distribution of the crossovers. The distribution of MLH1 foci was examined on chromosome 13 bivalents with single and double crossovers, chromosome 18 bivalents with single and double crossovers and chromosome 21 bivalents with single crossovers, and the results of the control population are presented graphically in Fig. 2 . In the control population, chromosome 13 bivalents with a single MLH1 focus showed the highest frequency of crossovers at relative distances from the centromere of 50 -80% of the SC q-arm; whereas chromosome 13 bivalents with double crossovers showed a first peak at a relative distance of 10-30% and a second peak at a relative distance from the centromere of 80 -100% of the SC q-arm ( Fig. 2A) . Chromosome 18 bivalents with a single MLH1 focus in the control population did not show a distinct peak in crossover distribution, but MLH1 foci were most frequently located at relative distances from the centromere of 30-80% of the SC q-arm (Fig. 2B) . Chromosome 18 bivalents with double crossovers in the control population displayed a peak at relative distances from the centromere of 50-80% of the SC p-arm, and a second peak at a relative distance from the centromere of 70-90% of the SC q-arm (Fig. 2B ). Chromosome 21 bivalents in the control population showed a peak in MLH1 foci at a relative distance from the centromere of 70 -90% of the SC q-arm (Fig. 2C) . No significant differences in MLH1 distribution were observed between any of the control men for all of the chromosomes studied (P . 0.05, x 2 test).
Distribution of MLH1 foci
Four of the infertile men displayed altered MLH1 distributions on at least one of the chromosome arms studied when compared with the pooled control group. OAT1 displayed altered recombination on the 13q-arm of chromosome 13 bivalents with double crossovers ( Fig. 3A ; P ¼ 0.0293, x 2 test), showing a decrease in extremely distal crossovers and an increase in more proximal crossovers at relative distances from the centromere of 30 -40% and 60 -70% of the SC q-arm. This patient also displayed altered MLH1 distributions on chromosome 21 bivalents ( Fig. 3B ; P ¼ 0.0002, x 2 test), showing a decrease in extremely distal crossovers and a significant increase in more proximal crossovers at relative distances from the centromere of 10 -40% of the SC q-arm. NOA10 displayed altered MLH1 distribution on the 18p-arm in chromosome 18 bivalents with double crossovers ( Fig. 3C ; P , 0.0001, x 2 test) with an increase in extremely distal exchanges on the p-arm. NOA18 displayed altered MLH1 distribution on the 18q-arm in chromosome 18 bivalents with double crossovers ( Fig. 3D ; P ¼ 0.0361, x 2 test), showing an increase in crossovers at the relative distances from the centromere of 10 -20% and 60-70% of the SC q-arm. OA9 displayed altered recombination on chromosome 21 bivalents ( Fig. 3E ; P ¼ 0.0392, x 2 test), with a decrease in exchanges at the relative distances from the centromere of 20 -40% of the SC q-arm.
Inter-focal distances
Inter-focal distances were calculated by measuring the distance between adjacent MLH1 foci and were reported as a percentage of Figure 2 MLH1 distribution along chromosome 13, 18 and 21 bivalents with single and double crossovers in normal men. Chromosome arms were divided into 10% intervals, and the frequency of MLH1 foci in each interval was calculated. The Y-axis represents the frequency of MLH1 foci in each interval, and the X-axis represents the relative position from the centromere of the MLH1 foci. Values on the X-axis represent the upper limit of each 10% interval. The centromere is labeled 'c', with the p-arms to the left of the centromere, and the q-arms are to the right of the centromere. P-arms of chromosomes 13 and 21 are not shown, as foci in these intervals were extremely rare. No difference was observed between the distributions of MLH1 foci in the five control men, and therefore they were pooled into a control group.
MLH1 distribution in infertile men the entire SC (Table III) . In the control men, the mean inter-focal distance between MLH1 foci on chromosome 13 bivalents was 56.5%, whereas the mean inter-focal distance on chromosome 18 bivalents was 70.5%. Patient OAT1 displayed inter-focal distance on chromosome 13 bivalents of 48.5% of the SC, which was significantly reduced when compared with the 56.5% of the SC in control men (P ¼ 0.0295, Mann-Whitney test).
Discussion
In a recent study, we provided an analysis of chromosome-specific rates of recombination in men with non-obstructive azoospermia by studying recombination frequencies on chromosomes 13, 18, 21 and the sex chromosomes (Ferguson et al., 2007) . In the present study, we set out to further characterize meiotic recombination patterns in infertile men by examining the position of MLH1 foci and the interfocal distances on chromosomes 13, 18 and 21 in 10 infertile men. Of the 10 infertile men examined in this study, 5 men (OAT1, NOA10, NOA13, NOA16 and OA14) had previously displayed reduced genome-wide and chromosome-specific rates of recombination (Ferguson et al., 2007) .
Altered distribution of MLH1 foci in azoospermic men
The distribution of MLH1 was altered in four infertile men when compared with the control group. Patient OAT1 showed a decrease in exchanges in the subtelomeric regions of chromosomes 13 and 21, and patient NOA18 showed an increase in crossovers in the Figure 3 Chromosomes displaying altered MLH1 distributions in infertile men. Four infertile men displayed significantly different MLH1 distributions on at least one chromosome studied when compared with the control group (P , 0.05, x 2 test). The Y-axis represents the frequency of MLH1 foci in each interval, and the X-axis represents the relative position from the centromere of the MLH1 foci. Values on the X-axis represent the upper limit of each 10% interval. Black bars indicate the control group and the white bars indicate the individual infertile man. MLH1 frequencies in each interval were compared with the control group and significant differences are indicated by asterisks (P , 0.05, Fisher test).
centromeric region of the chromosome 18 q-arm. This shift in crossovers toward the centromere is similar to that observed by Laurie and Hulten (1985) who observed chismata farther from the telomere in an infertile man. However, we also observed infertile men with very different alterations in crossover distribution: patient NOA10 displayed an increase in exchanges near the telomere of the chromosome 18 p-arm, and patient OA9 displayed a decrease in proximal exchanges on chromosome 21. Of the four men with altered crossover distributions, two (OAT1 and NOA10) had displayed a reduced genome-wide recombination (Table I) , as well as a reduced recombination on the chromosomes displaying altered MLH1 distributions (Table II) , whereas the other two men (NOA18 and OA9) displayed normal rates of meiotic recombination. The reduced recombination alone did not account for the differences in crossover distribution in patients OAT1 and NOA10, as the recombination patterns were separated based on the number of crossovers prior to the comparisons between infertile men and the control groups. Therefore, it is likely that there may be recombination defects that affect both the number and position of crossovers in some infertile men. However, it also appears that infertile men displaying normal crossover frequencies can nevertheless display altered crossover distributions, as observed in patients NOA18 and OA9. To the best of our knowledge, there is only one other reported case of a man with altered crossover distributions who showed a normal rate of meiotic recombination (Laurie and Hulten, 1985) . Furthermore, we are unaware of any other reports of altered crossover distributions in men with obstructive azoospermia. However, in a previous study, we observed that men with obstructive azoospermia may display alterations in the number of crossovers (Ferguson et al., 2007) . Thus, it appears that men with obstructive azoospermia, who appear to have normal spermatogenesis, may nevertheless display subtle meiotic defects. Interestingly, all four of the men who displayed altered MLH1 distribution also displayed a significant increase in unsynapsed autosomal chromosomes during meiosis (Table I) . Although unsynapsed regions have been shown to have a cis effect on the distribution of crossovers on a chromosome (Sun et al., 2005) , this is unlikely to have contributed to the altered recombination patterns as chromosomes 13, 18 and 21 displayed extremely low levels of asynapsis.
The distribution of meiotic recombination is regulated on multiple levels, making it difficult to determine the origin of the abnormal crossover distribution in the infertile men. Variations in DNA sequences, such as the centromeric heterochromatin (Yamamoto, 1979) , or the copy number of telomeric or subtelomeric repeat sequences (Barton et al., 2003) could account for the changes in the crossover positions. Mutations in meiotic genes could also have contributed to an altered crossover distribution. For example, mutations in SC components such as SCP3 (Yuan et al., 2000; Wang and Hö ö g, 2006) and DNA repair proteins such as Mre11 (Cherry et al., 2007) male mice. Furthermore, alterations in the distribution of crossovers can originate at different stages of early prophase: either during leptotene when the DNA double-strand breaks are induced based on the DNA sequence and chromatin structure (Wu and Lichten, 1994) or later when a small subset of the DNA breaks are converted into crossovers (Bitzblau et al., 2007) .
Inter-focal distances in azoospermic men
Adjacent crossovers display positive interference, which prevents two crossovers from being located too closely together and is an important factor in the regulation of crossover distribution. Inter-focal distances were greater on chromosome 18 than on chromosome 13, supporting previous observations that trans-centromere interference is stronger than intra-arm interference (Laurie and Hulten, 1985; Codina-Pascual et al., 2006; Sun et al., 2006) . Furthermore, the inter-focal distances in our control group were almost identical to those observed by CodinaPascual et al. (2006) , who found that trans-centromere interference on chromosome arms with two crossovers is 70% of the SC, whereas intra-arm interference on acrocentric chromosomes is 57% of the SC. Only one man (OAT1) displayed altered crossover interference, with crossovers being spaced more closely together on chromosome 13. This decrease in interference is similar to that observed by Laurie and Hulten (1985) who observed that proximal crossovers were further from the centromere, and the distal crossovers were further from the telomeres in an infertile man. In a previous study we observed that a subset of azoospermic men display reduced rates of meiotic recombination (Ferguson et al., 2007) . In this study, we have found evidence that some azoospermic men also display alterations in the position of crossovers on chromosomes 13, 18 and 21, and that these abnormalities may be observed in azoospermic men displaying normal rates of recombination. We identified two azoospermic men (OA9 and NOA18) who had normal rates of recombination, but nevertheless displayed altered crossover distributions. To the best of our knowledge, there is only one other reported case of an infertile men who showed altered crossover distributions, despite normal crossover rates (Laurie and Hulten, 1985) . These results suggest that recombination defects in infertile men may include alterations in the number of crossovers, the position of crossovers or both. Alterations in the inter-focal distances were rare, with only one man displaying reduced interference on one of the chromosomes studied. Further studies on the distribution of crossovers in infertile men will allow us to determine if alterations in the position of crossovers are a risk factor for the production of aneuploid sperm. Detailed studies on the distribution of crossovers in azoospermic men may also provide insight into the nature of the meiotic defects and provide direction in the search for mutations that contribute to meiotic defects and infertility.
